Introduction
In recent years, multiferroic materials have received great attention because of the ability to have more ferroic order parameters simultaneously in a certain range of temperature [1, 2] . BiFeO 3 is one of the multiferroic materials which exhibit strong ferroelectric ordering with Curie temperature (T C ) ~830 °C and weak ferromagnetic ordering with Neel temperature (T N ) ~370 °C [3] [4] [5] . The most interesting property about multiferroic materials is their magnetoelectric coupling as a result of which magnetic (electric) polarization can be controlled by applying an external electric (magnetic) field. The phenomenon of this coupling has attracted much attention for their potential applications included data storage, magnetic sensors, microelectronic devices, spintronics and etc [6, 7] . Synthesis of single phase BiFeO 3 is a critical task because the temperature stability range is very narrow [8] . These properties are dependent on the chemical composition and microstructural characteristics in which the particle size and shape might be controlled in the preparation processes.
In order to achieve materials that have the desired physical and chemical properties, the preparation of BiFeO 3 nanoparticles through different methods has become an essential focus of the related research. Various preparation methods to synthesize BiFeO 3 nanoparticles that have been reported include the conventional solid state reaction method [5, [9] [10] [11] [12] [13] , rapid liquid phase sintering method [14] [15] [16] [17] and microwave sintering method [18] . A variety of wet chemical methods were also used to synthetize BiFeO 3 nanoparticles includes the chemical solution method [19, 20] , sol-gel Abstract In the present work, nanoparticles of multiferroic bismuth ferrites (BiFeO 3 ) were synthesized via a simple thermal treatment method. BiFeO 3 was prepared from an aqueous solution containing bismuth nitrate and iron nitrate as starting materials, polyvinyl pyrrolidone (PVP) as a capping agent and nitric acid to dissolve the bismuth nitrate, respectively. It is followed by thermal treatment at various calcination temperatures at 350, 450 and 550 °C. The samples were characterized by thermogravimetric analysis, X-ray diffractometer (XRD), transmission electron microscope (TEM), vibrating sample magnetometer and electron spin resonance (ESR) spectroscopy. XRD results indicate that the samples, calcined at 350, 450 and 550 °C, crystalized in rhombohedral crystal structure (space group R3c). The crystallinity of samples increased with increasing calcination temperature. Morphology study using TEM confirmed the growth of BiFeO 3 nanoparticles with the average particle's size increases from ~30 nm up to ~80 nm with the increasing of calcination temperature from 350 to 550 °C. Magnetic saturation M s , of samples decreased from 2.15 to 0.25 emu/g while the coercivity H c , increased from 54.41 to 272 G when the calcination temperature increased from 350 to 550 °C. ESR revealed increment of g-factor value from 2.14 to 2.64 and peak-to-peak linewidth from 129.33 to 201.61 Oe with the increasing of calcination temperature from 350 to 550 °C. The results demonstrate that by using method [21] [22] [23] [24] [25] , hydrothermal method [26] [27] [28] [29] [30] , hydrothermal microwave method [31] , solvothermal method without the help of any mineralizer [29] , modified Pechini method [32] [33] [34] , microwave assisted hydrothermal Pechini method [11, 35, 36] , facile wet chemical hydro-evaporation method [37] , solution evaporation method [10] , auto combustion method [38] [39] [40] , ferrioxalate precursor method [10, 41] , flux technique [42] and etc. Most of the mentioned methods require several parameters such as temperature, pressure, time, solvent, chelating agent and polymerizing agent which can be controlled for the synthesis of single phase BiFeO 3 nanoparticles.
Conventional solid state reaction method and rapid liquid phase sintering method which are based on oxides metal components used high thermal treatments from 800 to 900 °C [17, 43, 44] . Synthesis of BiFeO 3 nanoparticles through conventional solid state reaction method also produces secondary phases of Bi 2 O 3 and Bi 2 Fe 4 O 9 . The reproducibility of this process is quite poor, providing a coarser powder [5] and lie in the necessity of leaching the unwanted phases using nitric acid (HNO 3 ) [36] . Recently, single phase BiFeO 3 nanoparticles can be synthesized using several wet chemical methods at low temperature via a hydrothermal method, sol-gel method, ferrioxalate precursor method and etc., however, pressure is required [45] [46] [47] and hence the process is laborious.
Among different methods, synthesis of BiFeO 3 nanoparticles using a simple thermal treatment method has been introduced due to its potential such as capability to amend the chemical structure of material in desirable properties such as size controlling of particles, ability to control the movement of the metal ions and oxygen atoms during heating process, high flexibility, reproducibility with constant quality, low cost production and easy to handle [48] . In this work, a simple thermal treatment method based on PVP as capping agent is used to prepare BiFeO 3 nanoparticles. PVP is a weak complexing agent, but no literature reported the synthesis of BiFeO 3 nanoparticles with PVP. The effect of calcination temperature on the structural and magnetic properties of BiFeO 3 nanoparticles is reported. The study revealed that BiFeO 3 nanoparticles can be successfully prepared at a temperature as low as 350 °C.
Methodology
BiFeO 3 nanoparticles were synthesized using a simple thermal treatment method. The starting materials were bismuth nitrate penta-hydrate (Bi(NO 3 ) 3 ·5H 2 O), iron nitrate nona-hydrate (Fe(NO 3 ) 3 ·9H 2 O) and polyvinyl pyrrolidone (PVP) powder (MW = 10 000), purchased from Alfa Aesar with purity of 98%. 20 ml of HNO 3 was dissolved in 500 ml deionized water under continuous stirring at 80 °C Bi(NO 3 ) 3 ·5H 2 O and Fe(NO 3 ) 3 ·9H 2 O were weighed with molar ratio of 1:1 and were dissolved in the same beaker for the preparation of precursor's solution. The solution was kept stirring under the same temperature to obtain homogeneous mixture. 15 g of PVP was dissolved in the solution as capping agent. A clear yellow brownish solution with no precipitation was obtained. The solution was evaporated in oven for 24 h at 80 °C. The dried solution's was ground for 1 h to form BiFeO 3 powder and calcined in air at 350, 450 and 550 °C for 3 h. The structural analysis for studying the structure and phase formation of BiFeO 3 nanoparticles was done by X-ray diffractometer (XRD; PHILIPS PW 3040) and morphology was done by transmission electron microscope (TEM; Hitachi H-7100 TEM). The thermal analysis was done by thermogravimetric analysis (TGA; Mettler Toledo TGA/SDTA851 e ). The magnetic properties were studied using a vibrating sample magnetometer (VSM; LakeShore 7407) and electron spin resonance (ESR; Jeol Jes-Fa200 ESR Spectrometer). Figure 1 demonstrates the chemical reaction process after dissolving metals nitrate of Fe and Bi in aqueous solution of PVP that acts as a capping agent [48] . In this process, the metallic ions were entrapped by ionic-dipole interactions with hydroxyl groups (-OH) in polymeric chains. The metal ions were immobilized in the polymer scaffold as a result of water removal during drying process. The BiFeO 3 nanoparticles were gradually grown when PVP and undesired anions were completely removed in the calcination process. PVP played an important role in controlling the nucleation of the BiFeO 3 nanoparticles by decreasing the grain growth through inhibiting the metal ions from collapsing on the surfaces of the nanoparticles during the calcination process [49] . In addition, it stabilized the particles by reducing the particles' agglomeration. In this process, if there was no PVP present, the small nanoparticles that have high energy level on their surfaces would become larger via the Ostwald ripening process [50] . In the presence of PVP the steric hindrance is disrupted, which prevents the aggregation of the nanoparticles. Steric hindrance phenomenon is attributed to large molecular weights (>10,000) and to the repulsive forces that occur among the polyvinyl groups [51, 52] . These interactions are similar to the stabilization of metallic nanoparticles, i.e., silver and gold [53, 54] . Figure 2 shows the thermo gravimetric (TG) and differential thermal analysis (DTA) curves of uncalcined BiFeO 3 powder. The sample exhibits three steps of degradation process. The first region from 30 to 200 °C shows insignificant weight loss, which attributed to the loss of water (trapped moisture) in the sample. The second one from 200 to 500 °C demonstrates the decomposition of nitrate species, loss surface of hydroxyl groups, loss of energy and gases like nitrogen dioxide (NO 2 ) and oxygen (O 2 ). The weight loss occurred corresponds to almost complete decomposition of PVP in the sample [55] . The weight loss above 500 °C as function of temperature became insignificant as most of PVP content in the sample turned to carbonaceous products and hence leaving pure metal oxide nanoparticles of the BiFeO 3 samples as the final residue [56] . Appropriate calcination temperature range was obtained for BiFeO 3 powder. A plateau region from 450 to 550 °C is the most suitable range for calcination temperature. Figure 3 shows the XRD patterns of BiFeO 3 nanoparticles of uncalcined powder and samples calcined at 350, 450 and 550 °C. The XRD patterns of uncalcined powder showed that the dried powder was fully amorphous. The were also observed as illustrated in Fig. 3 . The trend of BiFeO 3 XRD peak intensities were found to increase with increment of calcination temperature. Sample calcined at 550 °C showed the sharpest and narrowest XRD peaks, indicating that crystalline BiFeO 3 nanoparticles were well established. The crystallinity was enhanced with increasing of calcination temperature, which is associated also by particle size enlargement as shown by TEM micrographs (Fig. 4) . The crystallite sizes of the BiFeO 3 nanoparticles were calculated using Scherrer equation [57] , where k = 0.9 is the correction factor, is the wavelength of XRD CuKα radiation source (1.54060 Å), is the full Table 1 . Figure 4 demonstrates the morphology, particle size and particle size distribution of BiFeO 3 nanoparticles obtained from TEM. The BiFeO 3 samples exhibited uniform morphology and good particle size distribution. From the TEM images, the average particle sizes were about 40, 50 and 80 nm at different calcination temperature of 350, 450 and 550 °C respectively. These results indicated that particle size increases with the increasing of calcination temperatures due to the fact that as the temperature increased, many neighbouring particles were likely to fuse together to form larger particle sizes by melting their surfaces [58] . Figure 5 shows the magnetic hysteresis loops of BiFeO 3 nanoparticles calcined at different temperatures. The measurement of VSM was carried out at room temperature. Table 2 summarized the magnetic saturation, coercivity and remanence, M s , H c and M r of BiFeO 3 nanoparticles at different calcination temperatures. The highest magnetization saturation (M s ) was recorded at the lowest calcination temperature, 350 °C. From the table, the M s of all samples decreased as the calcination temperature increased. This is due to the amount of impurities existed in the compound and the particle sizes of the samples. The M s and M r values of the calcined samples decreased with the increasing of particle size, which may be attributed to the surface effects in BiFeO 3 nanoparticles. The surface of the BiFeO 3 nanoparticles seem to be composed of some distorted or slanted spins that repel the core spins to align the field direction, which may be decreased for larger particles sizes and consequently the M s and M r decrease. The magnetic properties of BiFeO 3 nanoparticles is also dependent on the preparation method [48] . In thermal treatment method, the heating rate of calcination is one of the most important parameter that can effectively increase or decrease the M s . In this work, the heating rate of calcination temperature was set to 2 °C/min for all samples which was relatively high heating rate. It is possible that calcination at a slower heating rate would allow the crystallization to be more complete and the magnetic phase could also increase resulting in larger M s .
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ESR is a technique used to study the chemical species with unpaired electron. It also plays an important role in understanding of organic and inorganic radicals, transition metal complexes and some biomolecules. In this work, three parameters were used to characterize the magnetic properties of the samples: (1) g-factor, (2) peak-to-peak linewidth, ΔH pp , and (3) resonance magnetic field, H r . The g-factor was calculated according to the equation, where g is g-factor which gives information about paramagnetic center's in electronic structure, h is Planck's constant 6.621 × 10 −34 Js , is microwave frequency, is Bohr magneton 9.2740 × 10 −24 JT −1 , H r is resonant magnetic field and g e is 2.0023 (for free electron). From the graphs in Fig. 6 , the peak-to-peak value of derivative of absorption changes with calcination temperatures. From Table 3 , it is clearly seen that the g-factor and ΔH pp were increased with the increasing of calcination temperature whilst the H r was decreased with the increasing of calcination temperature. Generally, in ferrites, variations of g-factor and ΔH pp can be due to dipole-dipole interactions and super-exchange
interactions [59] . The presence or addition of Fe 3+ ions to an A-site causes an increase in the super-exchange interactions, contributing to the increase of the internal field and decreasing of the resonance magnetic field [60] .
Wet chemical synthesis based on an aqueous solution metals salts is an effective method to prepare complex oxide with tuned physical properties. This method may involve the additive of organic agent that act as capping agent, i.e. PVP as this work, fuel agent, i.e. citric acid [61, 62] , gelatine agent, i.e. oxalic acid [63] or PH controlling agent, i.e. methylamine [64] . In our result it is shown the tuning of particle size and magnetic behavior of BiFeO 3 nanoparticles can be obtained by changing calcination temperature (350-550 °C). The calcination temperature (800, 1000 and 1200 °C) and time were used also to control optical and dielectric properties Ba 0.5 Sr 0.5 TiO 3 powders synthesis using citric acid as a fuel agent [62] 3 (nanopowders), respectively, synthesized by using citric acid and oxalic acid as fuel and gelatine agents respectively [61, 63] .
Conclusions
The BiFeO 3 nanoparticles were successfully synthesized by using thermal treatment method. The different calcination temperatures affect the structural and physical properties of the BiFeO 3 nanoparticles in term of crystallinity, magnetic properties and particle sizes of the samples. All samples crystalized in rhombohedral crystal structure (space 
